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The cellular toxicities of surfactants, a solvent, and an antifreeze that are included in 
herbicide formulations were assessed by measuring their effects on membrane integrity, 
metabolic activity, mitochondrial activity, and total protein synthesis rate in a cell culture. 
Polyethylene glycol, propylene glycol, and monoethylene glycol exhibited no cellular 
toxicity even at a high concentration of 100 niM. Sodium lauryl ether sulfate and 
polyoxyethylene lauryl ether significantly damaged the membrane, disturbed cellular 
metabolic activity, and decreased mitochondrial activity and the protein synthesis rate; 
however, their toxicity was far below those of the severely toxic chemicals at comparable 
concentrations. The severely toxic category included polyoxypropylene glycol block 
copolymer, polyoxyethylene tallow amine, and polyoxyethylene lauryl amine ether. These 
surfactants were cytotoxic between 3.125 llM and 100 liM in a dose-dependent manner. 
However, the toxicity graph of concentration vs toxicity had a point of inflection at 25 uM. 
The slope of the toxicity graph was gentle when the concentration was below 25 liM and 
steep when the concentration was greater than 25 itM. In conclusion, our results suggest 
that the toxicity of surfactants be taken care of pertinent treatment of acute herbicide 
intoxication. 
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INTRODUCTION 

Herbicides prevent the growth of noxious or unwanted weeds. 
Because of their benefits, the use of herbicides has grown con- 
tinuously over the last several decades internationally. As farm- 
ers have been able to more easily control vegetation, their crops 
have grown in greater quantities. However, the negative effects of 
herbicide use pose serious social issues in Asian countries (1-4). 
Farmers sometimes accidentally or wiUfully swallow toxic con- 
centrations of herbicides, which results in death or severe detri- 
mental effects. 

The ability of herbicides to control certain kinds of weeds de- 
pends on the chemical and biological properties of the agent 
used. Fortunately, because of the differences in the pathways of 
chemical reactions and/or metabolism between plants and hu- 
mans, some herbicides that are highly toxic to plants are only 
minimally toxic to mammals with a few exceptions including 
paraquat. However, clinical toxicologists sometimes encounter 
unpredictable cases of severe toxicity. Patients who have ingest- 
ed reportedly low levels of toxic herbicides sometimes become 
severely ill. For example, although glyphosate and glufosinate 
ingredients are known to be minimally toxic to humans, inges- 
tion of large amounts of these products have caused patients to 
die or to suffer from the effects of severe toxicity such as respira- 
tory distress, metabolic acidosis, tachycardia, renal failure, and 



electrolyte imbalances (5). In these cases, surfactants are believed 
to be the chemicals responsible for such adverse effects (6-15). 

Surfactants are a large group of surface-active substances that 
have a wide variety of applications. They each have a hydrophobic 
and hydrophilic component. The hydrophobic part consists of 
an uncharged carbohydrate group that can be straight, branched, 
cyclic, or aromatic (16). Surfactants are classified as nonionic, 
anionic, cationic, or amphoteric depending on the nature of their 
hydrophilic component. 

During the last 2 decades, extensive research has been carried 
out to investigate the nature of "glyphosate-surfactant toxicity" 
in clinical toxicology (3, 17, 18). Several possible mechanisms 
for this toxicity have been proposed from the findings of these 
studies because the surfactants might cause direct cellular inju- 
ry or alter the toxicity of the herbicide. However, the end prod- 
ucts of herbicides are comprised of different chemicals for vari- 
ous purposes; these are summarized in Table 1. Therefore, it re- 
mains unclear whether the surfactants themselves are entirely 
responsible for so-called "surfactant toxicity." This issue will not 
be resolved until we have toxicologjcal information on the other 
chemicals used in herbicide formulation besides surfactants. 

Herbicide formulations differ by manufacturer and nation. 
Manufacturers are sometimes reluctant to provide the precise 
formulations they use for their herbicides, including the type 
and concentration of surfactants used. Due to the lack of precise 
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toxicological information on the chemicals used in herbicides 
and specific treatment guidelines, clinicians cannot reliably treat 
patients with suspected "acute herbicide-surfactant intoxication." 

Recently, we identified 6 surfactants, 1 solvent, and 1 anti- 
freeze (Table 2) that are commonly included in the formulation 
of herbicides in Korea. The present study was designed to clari- 
fy the cellular toxicities of these surfactants and compare them 
with those of the solvent and antifreeze. 

MATERIALS AND METHODS 



mouse fibroblasts were used to assess cytotoxicity and cell via- 
bility. L-929 cells were maintained and cultured in RPMI medi- 
um (RPMI-1640; HyClone, Logan, UT, USA) containing 10% heat- 
inactivated fetal bovine serum (FBS; Gibco, Rockville, MD, USA), 
2 mM L-glutamine (Sigma, St. Louis, MO, USA), and 100 U/mL 
penicillin (Sigma, St. Louis, MO, USA) in an incubator contain- 
ing 5% C0 2 at 37°C. EDTA-trypsin (Sigma, St. Louis, MO, USA) 
was used to detach the cells from a T-75 flask. The cells were 
counted under a light microscope using Trypan blue stain and 
a hemocytometer. 



Materials 

Six surfactants (1 anionic and 5 nonionic), 1 solvent, and 1 anti- 
freeze, used as an adjuvant for surfactants in herbicide formula- 
tion were investigated in this study (Table 2). All of these chemi- 
cals were obtained from the major suppliers of chemicals to a 
manufacturer of herbicides in Korea (Coseal Co., Goonsan, Ko- 
rea). More specifically, Honam Petrochemical Co., (Seoul, Korea) 
provided polyethylene glycol (PEG 300) and monoethylene gly- 
col (MEG); SKC (Seoul, Korea) provided propylene glycol (PG); 
and KPX Green Chemical Co., (Seoul, Korea) provided polyoxy- 
ethylene lauryl amine ether (LN-10), sodium lauryl ether sulfate 
(SLES), poly(oxyethylene, oxypropylene)glycol block copolymer 
(PE-61), polyoxyethylene lauryl ether (LE-2), and polyoxyethyl- 
ene tallow amine (TN-20). 

Cell culture 

Mouse fibroblast-like cells, L-929 (ATCC, CCL-1), derived from 

Table 1. Composition of herbicide products 

Components 

1 . Chief (active) ingredient 

2. Surfactant 

3. Antifreeze 

4. Solvent 

5. Artificial coloring agent 

6. Antifoaming agent 

7. Supplementary agent 

8. Volume expanding or suspending agent 

9. Viscosity agent 
1 0. Preservative 



Concentrations of each chemical for the cytotoxicity tests 

The range of each chemical concentration for the cytotoxicity 
test was derived from the inhibitory concentration 50 (IC50) with 
respect to relative cell viability (%). The cellular viability (%) of 
the surfactants, solvent, and antifreeze, which are summarized 
in Table 2, was determined using the MTT [3-(4,5-dimethylthi- 
azol-2-yl)-2,5-diphenyltetrazolium bromide] assay following the 
standard testing protocol oudined in the International Organi- 
zation for Standardization (ISO) 10993-5 guidelines. In brief, cells 
(1 x 10 4 cells/mL) were exposed to various concentrations of 
test samples in a 24-well plate previously sub-cultured in a CO2 
incubator containing 5% C0 2 at 37°C for 72 hr. After 72 hr of in- 
cubation, 100 uL 5 mg/mL MTT solution (Sigma, St. Louis, MO, 
USA) was added to the wells and re-incubated for 4 hr. The super- 
natant was then removed, and 1 mL dimethyl sulfoxide (DMSO) 
was added to each well. As soon as purple formazan crystals 
formed and dissolved, the solution was collected and pipetted 
into a 96-well plate. The absorbance was subsequently measured 
at 595 nm using an ELISA reader. Cell viability was measured as 
the ratio of the optical density in the medium containing the 
extract solution to that in fresh medium. 

Combined colorimetric assays for the quantification of 
the membrane integrity, cellular and mitochondrial 
metabolism, and total protein synthesis rate of cells 

Cytotoxicity and cell viability tests were performed using the In 
Cytotox-LDH-GLU-XTT-SRB 4-Parameter Cytotoxicity Kit (Xen- 
ometrix AG, Gewerbertrasse 25, Switzerland), which measures 



Table 2. Summary of the 8 chemicals tested 



Common name 


Chemical abstract name 


Molecular formula 


Molecular weight* 


Hydrophilic part 1 " 


PG 


Propylene glycol 


CH 3 CH(0H)CH 2 0H 


76.09 


(antifreeze) 


MEG 


Monoethylene glycol 


CH3CHCH2OH 


62.07 


(solvent) 


SEES 


Sodium lauryl ether sulfate 


CH 3 -(CH 2 ) n-(0-CH 2 -CH 2 ) p-0S0 3 Na 


348.43 


Anionic surfactant 


LN-10 


Polyoxyethylene lauryl amine ether 


R-N-(CH 2 CH 2 )m-H-(CH 2 CH 2 0)n-H(m+n = 10) 


625.88 


Nonionic surfactant 


PEG 300 


Polyethylene glycol 


H0(CH 2 CH 2 0)n-H 


300 


Nonionic surfactant 


PE-61 


Poly(oxyethylene, oxypropylene) glycol 
block copolymer 


H0(CH 2 CH 2 0)a(CH 2 CH 2 0)b(CH 2 CH 2 0)c-H 


1,950 


Nonionic surfactant 


LE-2 


Polyoxyethylene lauryl ether 


Ci 2 H 25 -0-(CH 2 CH 2 0)n-H(n = 2) 


274.44 


Nonionic surfactant 


TN-20 


Polyoxyethylene tallow amine 


R-N-(CH 2 CH 2 0)m-H(CH 2 CH 2 0)n-H(m+n = 20) 


445.7 


Nonionic surfactant 



'average molecular weight of herbicide product; + hydrophilic part of the surfactant. 
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membrane integrity (extracellular lactate dehydrogenase [LDHe] ), 
metabolic activity (glucose [GLU]), mitochondrial activity (tet- 
razolium hydroxide [XTT]), and total protein synthesis rate (sul- 
forhodamine B [SRB]) in a single-cell-type culture. 

Previously sub-cultured L-929 cells (1 x 10 4 cells/mL) were 
exposed to 5 surfactants at concentrations ranging from 3.125 
M to 100 nM, and 1 surfactant, solvent, and antifreeze each at 
concentrations ranging from 6.25 to 100 mM (Table 2). The cells 
were incubated with the test samples in a 5% CO2 incubator at 
37°Cfor 72 hr. 

Brief description of test principle 

Membrane integrity 

Lactate dehydrogenase (LDH) is a stable cytoplasmic enzyme 
present in all cells and is rapidly released into the cell culture 
supernatant upon membrane damage or cell lysis. LDH reduces 
pyruvate to lactate by oxidizing NADH to NAD + . The consump- 
tion of NADH can be measured by spectrophotometry. The re- 
sults are expressed as the relative toxicity compared to that of 
1% TritonX-100 (control). 

Metabolic activity 

Cultured cells continuously consume glucose from their culture 
media for the generation of biosynthetic intermediates. Thus, 
extracellular glucose concentration is inversely proportional to 
the rate of glucose uptake, which is an indicator of the function- 
al metabolic state of cells. 

Mitochondrial activity 

XTT [2,3-bis(-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium- 
5-carboxyanilide inner salt] is a tetrazolium salt that is cleaved 
to formazan by the succinate dehydrogenase system, which be- 
longs to the mitochondrial respiratory chain and is only active 
in viable cells. Mitochondrial succinate dehydrogenase reduces 
the yellow tetrazolium salt into soluble orange formazan in the 
presence of an electron-coupling reagent. 

Total protein synthesis rate 

Cell proliferation, which was measured as total protein synthesis, 
is a very sensitive toxicological marker. Sulforhodamine B (SRB) 
is an anionic dye that binds electrostatically to cellular proteins. 
Fixed SRB dye, measured photometrically after solubilization, 
correlates to the total protein synthesis rate and, therefore, cell 
proliferation. 

Each experiment was repeated 4 times. The data are presented 
as mean ± standard error. Data between groups were compared 
using the Kruskal-Wallis test, and P < 0.05 was considered sig- 
nificant. IC50 values were estimated by non-linear regression 
analysis using Prism (GraphPad Software, San Diego, CA, USA). 



RESULTS 

The ICso values for MEG, PEG 300, SLES, PG, LE-2, TN-20, LN- 
10, and PE-61 were 1.527 mM, 0.70 mM, 602 uM, 394.7 uM, 322 
(j,M, 78.2 (j,M, 63.2 uM, and 49 uM, respectively. Using these val- 
ues, the treatment conentrations to assess the toxicity of these 
chemicals to cellular organelles ranged from 3. 125 uM to 100 mM 
(Fig. 1). 

Membrane damage, which was assessed by LDH, was not ob- 
served with PEG, PG, or MEG, while the 5 other surfactants were 
toxic to the cell membrane from 6.25 to 100 uM in a concentra- 
tion-dependent manner. The membrane toxicities (with 1% Tri- 
ton X-100 as reference) of the 5 surfactants were as follows: at 
25 uM, 8.8% ± 0.6% for LN-10, 0.3% ± 0.1% for SLES, 0.7% ± 0.2% 
for PE-61, 6.3% ± 0.1% for LE-2, and 8.0% ± 0.5% for TN-20 and 
at 50 uM, 27.7% ± 1.7% for LN-10, 6.2% ± 0.7% for SLES, 28.7% ± 
0.6% for PE-61, 6.5% ± 0.4% for LE-2, and 104.5% ± 7.5% for TN- 
20. TN-20, LN-10, and PE-61 were highly toxic to the cell mem- 
brane at concentrations exceeding 25 uM. Among these chemi- 
cals, TN-20 was the most toxic surfactant to the cell membrane 
(P< 0.01) (Fig. 2, 3). 

The cellular metabolic activity, which was assessed by glucose 
level, was not disrupted by PEG, PG, or MEG. However, the other 
5 surfactants suppressed metabolic activity at concentrations 
between 6.25 and 100 uM in a concentration-dependent man- 
ner. The effect of each surfactant on metabolic activity was as 
follows: at 25 uM, 81.8% ± 7.1% for LN-10, 91.0% ± 7.1% for SLES, 
75.7% ± 7.2% for PE-61, 91.2% ± 7.7% for LE-2, and 98.0% ± 5.5% 
for TN-20; and at 50 uM, 60.9% ± 8.6% for LN-10, 90.2% ± 2.1% 
for SLES, 25.4% ± 4.6% for PE-61, 88.5% ± 7.1% for LE-2, and 
132.5% ± 2.5% for TN-20. In particular, PE-61, TN-20, and LN-10 
significandy suppressed cellular metabolic activity at concen- 
trations above 25 uM {P < 0.05) (Fig. 2, 3). 

Mitochondrial activity was not affected by PEG, PG, or MEG. 
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Fig. 1. Overall cell viability in the presence of each chemical between 500 pM and 
500 mM. Note the non-toxicity of PEG 300 (an antifreeze), PG, and MEG (solvents); 
mild toxicity of SLES (an anionic surfactant) and LE-2 (a nonionic surfactant); and se- 
vere toxicity of TN-20, LN-10, and PE-61 (nonionic surfactants). 
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Fig. 2. Effects of the tested compounds on membrane integrity (extracellular lactate dehydrogenase [LDHe]), metabolic activity (glucose [GLU]), mitochondrial activity (tetrazoli- 
um hydroxide [XTT]), and total protein synthesis rate (sulforhodamine B [SRB]) at concentrations between 6.25 and 100 pM. Note the non-toxicity of PEG 300 (an antifreeze), 
PG, and MEG (solvents); mild toxicity of SLES (an anionic surfactant) and LE-2 a nonionic surfactant; and the severe toxicity of TN-20, LN-10, and PE-61 (nonionic surfactants). 
The data on membrane integrity (LDHe) are presented on the right side of the Y-axis, and range from -20% to 1 20%, which is the toxicity of 1 % Triton-X 1 00 (control). 



However, the other 5 surfactants suppressed mitochondrial ac- 
tivity at concentrations between 6.25 and 100 aM in a concen- 
tration-dependent manner. The effect of each surfactant on mi- 
tochondrial activity was as follows: at 25 uM, 88.3% ± 3.0% for 
LN-10, 92.0% ± 9.1% for SLES, 81.0% ± 8.2% for PE-61, 93.1% ± 
5.4% for LE-2, and 96.5% ± 5.1% for TN-20; and at 50 uM, 69.7% ± 
7.2% for LN-10, 91.1% ± 2.1% for SLES, 40.4% ± 3.7% for PE-61, 



90.6% ± 6.1% for LE-2, and 45.5% ± 2.5% for TN-20. In particu- 
lar, PE-61, TN-20, and LN-10 signihcanuy suppressed cellular 
metabolic activity at concentrations above 25 uM (P < 0.05) 
(Fig. 2, 3). 

Similarly, cell proliferation, which was measured as total pro- 
tein synthesis, was also significantiy suppressed by the 5 surfac- 
tants, but not by PEG, PG, or MEG. The amount of total protein 
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Fig. 3. Comparison of toxicity with respect to membrane integrity (A), metabolic activity (B), mitochondrial activity (C), and total protein synthesis rate (D). Note that PEG 300 (an anti- 
freeze), PG, and MEG (solvents) exhibited no toxicity even at a high concentration of 100 mM. Three out of 4 nonionic surfactants (PE-61 , TN-20, and LN-10) exhibited severe 
toxicity in a similar dose-dependent manner between 3.1 25 pM and 1 00 mM. The toxicity graph derived from the concentrations of PE-61 , TN-20, and LN-1 0 has a point of in- 
flection at 25 pM. The slope increases slowly up to 25 pM and decreases rapidly thereafter. 



http://dx.doi.Org/1 0.3346/jkms.201 2.27.1 .3 



http://jkms.org 7 



JKMS 



Song H-Y, et al. • Some of Surfactants in Herbicide Denote Cellular Toxicity 



synthesized for each surfactant was as follows: at 25 pM, 92.9% ± 
8.60% for LN-10, 96.5% ± 5.8% for SLES, 52.1% ± 3.7% for PE-61, 
94.1% ± 5.0% for LE-2, and 85.4% ± 3.6% for TN-20; and at 50 pM, 
50.2% ± 4.8% for LN-10, 92.8% ± 8.4% for SLES, 3.9% ± 1.6% for 
PE-61, 87.6% ± 8.9% for LE-2, and 5.5% ± 0.5% for TN-20. Simi- 
lar to the trends observed for membrane integrity, metabolic 
activity, and mitochondrial activity, the total protein synthesis 
rate was significantly suppressed by PE-61, TN-20, and LN-10 at 
concentrations above 25 pM (P < 0.01) (Fig. 2, 3). 

DISCUSSION 

Several hundred pesticides are produced in Korea; many of them 
contain additives, including various kinds of solvents and/or sur- 
factants. In the formulation of herbicides, the majority of surfac- 
tants are complexes of more than 2 surfactant ingredients. Fur- 
thermore, different surfactants may be the chief surfactant ingre- 
dient in a particular herbicide; for example, LN-10, MEG and 
TN-20 are common surfactants in glyphosate herbicides. In the 
same way, PE-61 is in glyphosate ammonium, LE-2 is in Fose- 
tyl-aluminum, and SLES is a common surfactant in glufosinate 
herbicide according to manufacturers. In this study, we chose 6 
surfactants that are often included in the formulas of pesticides 
in Korea. Although PG (an antifreeze) and MEG (a solvent) are 
not surfactants, they are often included in the formulas of pesti- 
cides. Therefore, the toxicities of these 2 chemicals were com- 
pared with those of the surfactants in this study. 

According to our results, the cytotoxicity of the chemicals could 
be classified in 1 of the 3 following categories (Fig. 2, 3): 

• non-toxic: PEG 300, PG, and MEG 

• mildly toxic: SLES and LE-2 

• severely toxic: TN-20, LN-10, and PE-61. 

The non-toxic chemicals did not result in membrane damage, 
altered cellular metabolic activity, decreased mitochondrial ac- 
tivity, or altered protein synthesis rate, even at a high concentra- 
tion of 100 mM (Fig. 2, 3). 

The mildly toxic chemicals significantly damaged the mem- 
brane, disturbed cellular metabolic activity, and decreased mi- 
tochondrial activity and protein synthesis rate at concentrations 
between 3. 125 and 100 pM. However, the intensity of the toxici- 
ty was far below that of the severely toxic chemicals at compa- 
rable concentrations (Fig. 2, 3). 

The severely toxic category included PE-61, TN-20, and LN- 
10. This category of surfactants was cytotoxic in a dose-depen- 
dent manner between 3.125 and 100 pM. However, the toxicity 
graph (concentration vs toxicity) exhibited an inflection point 
at 25 pM. The slope of the toxicity graph was gentle at concen- 
trations less than 25 pM and steep at concentrations greater than 
25 pM (Fig. 2, 3). At 50 pM, TN-20 was the most toxic substance 



against the membrane; meanwhile, PE-61 was the most toxic in 
terms of metabolic activity, mitochondrial activity, and total pro- 
tein synthesis (Fig. 2, 3). 

We believe that the in vitro cellular toxicities of the tested chem- 
icals are relevant to in vivo toxicity of the heart, kidney, and liver, 
causing the so-called "surfactant syndrome" more or less. 

However, there are some limitations of our study that should 
be noted. In addition to surfactants, solvents, and antifreeze, 
herbicides include other chemicals such as antifoaming, sup- 
plementary, expansion, and viscosity agents, as well as preser- 
vatives. Further experiments should be conducted these chem- 
icals. To extend the results of this study to the clinical goal of de- 
veloping novel treatment modalities for acute herbicide intoxi- 
cation, further studies on the metabolism, biotransformation, 
and toxicokinetics of various target chemicals are necessary. 

In summary, the surfactants were more toxic than the solvent 
and antifreeze in our experiment. Three out of 4 nonionic sur- 
factants (PE-61, TN-20, and LN-10) exhibited strong toxicity in 
a similar dose-dependent manner between concentrations of 
3.125 and 100 pM. The toxicity graph derived from the concen- 
trations of PE-61, TN-20, and LN-10 has an inflection point at 
25 pM; the slope increases slowly up to 25 pM before decreas- 
ing rapidly. TN-20 was the most toxic chemical against the mem- 
brane, but PE-61 was the most toxic with respect to metabolic 
activity, mitochondrial activity, and total protein synthesis. 

In conclusion, our results suggest that for the purpose of per- 
tinent treatment of acute herbicide intoxication, not only the 
toxicity of the main ingredient but also of the additives of herbi- 
cides, particularly surfactants, be taken care of. 
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